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Several important issues must be addressed in considering FFI 
as an alternative tool to hemodynamics-based techniques. First, 
though studies have successfully used FFI imaging signals in anes-
thetized animals, there have been few comparisons made between 
the spatiotemporal properties of FFI and hemodynamics-based 
signals. One study in the primary visual cortex (V1) of cats has 
compared orientation maps generated with FFI to those generated 
using standard hemodynamics techniques (Husson et al., 2007). 
They found that FFI signals appeared to produce better maps of 
orientation with fewer vascular artifacts. However, the clarity of 
such maps depends on the difference signal between activation 
patterns to two orthogonal gratings and does not reflect directly 
the spatial properties of the overall fluorescence response. Recently, 
we showed that imaging the V1 point spread to a minimal visual 
stimulus provides valuable and direct spatiotemporal information 
about the imaging signal; we used this method to successfully com-
pare stimulus-evoked hemoglobin concentration and oxygenation 
signals in V1 (Sirotin et al., 2009). A similar analysis comparing the 
hemodynamic response with FFI signals would determine whether 
FFI signals have a relative advantage over hemodynamics-based 
imaging techniques.
Next, much of what we know about the properties of FFI signals 
comes from only the first phase of the fluorescence response. However, 
in vitro work has shown that FFI signals have a complex timecourse 
with an early oxidation phase (fluorescence increase) followed by a 
IntroductIon
Flavoprotein fluorescence imaging (FFI) is a new method for visu-
alizing cortical activity based on imaging changes in the redox 
state  of  mitochondrial  flavoproteins,  primarily  flavin  adenine 
dinucleotide (FAD). It utilizes the fact that the oxidized form of 
this enzyme, FAD+, is more fluorescent than the reduced form, 
FADH2 (Chance et al., 1979). In the brain, increases in neuronal 
activity and the associated local increase in oxidative metabolism 
are marked by increased FAD fluorescence (Shibuki et al., 2003; 
Reinert et al., 2004; Husson et al., 2007). Thus this fluorescence 
signal shows promise as a non-invasive, intrinsic measure of local 
neuronal activity, free of the complications associated with extrin-
sic activity markers such as voltage sensitive dyes or calcium indi-
cators. Since the FFI signal derives from local mitochondria, it is 
likely to give a truer measure of local neural activity than available 
from the commonly used hemodynamics-based intrinsic-signal 
brain imaging, which are strongly influenced by non-local inputs 
(Hamel, 2006; Iadecola and Nedergaard, 2007; Bartels et al., 2008; 
Sirotin and Das, 2009). Because of their potentially tight link with 
local neural activity, understanding FFI signals is of tremendous 
importance for the imaging community. Due to the relative new-
ness of this technique, however, there have been very few studies 
directly comparing FFI with more conventional hemodynamics-
based imaging (Frostig et al., 1990; Vanzetta and Grinvald, 2008; 
Sirotin et al., 2009).
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prolonged reduction phase (fluorescence decrease) (Duchen, 1992; 
Kosterin et al., 2005). The two phases of the fluorescence signal are 
thought to be due to distinct cellular processes and are possibly not 
even localized within the same cells (Kasischke et al., 2004). Thus, 
interpretation of in vivo FFI signals would benefit from a firm under-
standing of the interaction between these two phases and how they 
shape the observed FFI response. However, imaging the full FFI signal 
in vivo has been difficult because of distortions by the hemodynamic 
response. Both the excitation wavelength (blue) and emission (green) 
for FAD fluorescence are strongly absorbed by hemoglobin. Thus any 
changes in the local tissue concentrations of hemoglobin – in par-
ticular, the large stimulus-evoked hemodynamic response in the same 
tissue – severely contaminate the FFI signal, sharply reducing and even 
reversing its amplitude and adding large vascular artifacts (Shibuki 
et al., 2003; Weber et al., 2004; Kitaura et al., 2007). Classical studies 
measuring in vivo cortical fluorescence have corrected for simultane-
ous changes in tissue absorption at the same wavelengths by measur-
ing light reflected off the tissue (Rosenthal and Jobsis, 1971; O’Connor 
et al., 1972; Harbig et al., 1976; Kramer and Pearlstein, 1979). However, 
no such correction has yet been implemented for the imaging signals 
and thus their interpretation remains problematic.
The final issue in assessing the utility of FFI signals is that they have 
not yet been well characterized in the cerebral cortex of alert animals. 
Characterizing and understanding FFI signals in alert animals is 
crucial because many aspects of brain function, including the neural 
basis of behavior, can only be studied in alert animals. Developing 
this technique in the alert animal is thus a critical step towards pro-
posing a broader use of FFI as a neuroimaging tool (e.g. Chen et al., 
2009). However, FFI imaging in alert animals could involve its own 
unique problems, which could require approaches different from 
those used in the anesthetized preparation. The   stimulus-evoked 
hemodynamic response is significantly larger in alert animals and 
may reach larger values faster, contaminating even early fluorescence 
signals (Shtoyerman et al., 2000; Berwick et al., 2002; Martin et al., 
2002). In addition, we have recently demonstrated the existence of 
dramatic, stimulus-independent, task-linked fluctuations in cortical 
hemodynamic signals in V1 of alert monkeys performing simple 
fixation tasks (Sirotin and Das, 2009). These task-linked fluctuations 
can strongly modify or even dominate the reflectance signals used for 
conventional hemodynamics-based intrinsic optical imaging. The 
strong absorption of the FFI signal by hemoglobin makes it unclear 
whether FFI signals could be detected in alert animals amongst the 
large ongoing hemodynamic signals which may similarly contami-
nate any changes in fluorescence. This issue is especially important 
for mapping of cortical columns as these signals are significantly 
smaller than the full imaging signal (Frostig et al., 1990; Bonhoeffer 
and Grinvald, 1996; Vanzetta et al., 2004).
We have developed a dual-wavelength imaging technique that 
corrects the FFI signal for simultaneous brain hemodynamics, using 
a modification of the technique that we used earlier to image local 
cerebral blood volume concurrently with oxygenation in the alert 
macaque monkey V1 (Sirotin et al., 2009). We image the cortical 
surface at two wavelengths in rapid alternation synchronized with 
the frame rate of our camera. Here, one wavelength is an excitation 
wavelength for FAD, while the other is an isosbestic wavelength for 
hemoglobin, absorbed equally by oxy- and deoxyhemoglobin and 
thus measuring changes in total hemoglobin concentration in tissue, 
that is, local blood volume1. This latter ‘blood volume’ wavelength 
was selected to lie within the emission range for FAD fluorescence, 
and is also in the wavelength range used for monitoring FAD fluo-
rescence; the ‘blood volume’ signal thus obtained is used to correct 
the FAD fluorescence signal for distortion by the brain hemody-
namic response, revealing the true timecourse of FAD fluorescence. 
Using this technique, which is similar to the techniques previously 
employed in measurements of bulk cortical fluorescence (Rosenthal 
and Jobsis, 1971; O’Connor et al., 1972; Harbig et al., 1976; Kramer 
and Pearlstein, 1979), we found that significant FFI signals could 
be detected reliably in the alert macaque cortex. This enabled us to 
study both the early and late phases of the FFI response and compare 
their spatiotemporal properties with the simultaneously measured 
changes in cortical reflectance that we have previously characterized 
under similar conditions (Sirotin et al., 2009).
MaterIals and Methods
All experimental procedures were performed in accordance with 
the  NIH  Guide  for  the  Care  and  Use  of  Laboratory  Animals 
and  were  approved  by  the  Institutional Animal  Care  and  Use 
Committees (IACUC) of Columbia University and the New York 
State Psychiatric Institute.
BehavIoral task
We trained two macaque monkeys (‘T’ and ‘Y’) on a periodic 
fixation task similar to that used in recent publications from our 
lab (Sirotin and Das, 2009; Sirotin et al., 2009). The animal was 
required to maintain passive binocular fixation during ‘fixation on’ 
(cued by fixation point color) for juice reward (Fixation window: 
0.5° radius, 20” Sony Trinitron monitor, 100 Hz refresh, distance: 
133 cm; fix duration: 4 s). We tracked the monkeys’ eye position 
using an infra-red eye tracker and custom software (Matsuda 
et al., 2000) and aborted trials with premature eye movement. 
Stimuli were presented for 1 or 2 s during the fixation period. 
We set the inter-trial interval to 20 s to ensure that the long-lived 
stimulus-evoked hemodynamic signal decayed to baseline, and 
to minimize any bleaching of the flavoprotein fluorescence. The 
experiment continued until the monkey received enough juice 
and stopped working.
vIsual stIMulI
Stimuli for measuring point spreads were short bars of light (meas-
uring 0.25 × 0.04 degrees of visual angle) generated as bitmaps in 
MATLAB (Mathworks, Natick, MA, USA) flashed on for 2 s on a 
dark background at maximum contrast using the VSG2/5 graphics 
card (Cambridge Research Systems, UK). To measure and correct 
for stimulus-independent trial-related imaging signals (Sirotin and 
Das, 2009), some of the trials carried no stimulus, but were other-
wise identical in their timing (‘blank trials’). For orientation map-
ping, we presented full-field drifting gratings at a spatial frequency 
of two cycles per degree and maximal contrast. Grating stimuli were 
presented for 1 s. The orientation of the gratings was randomly 
selected on each trial from the set: 0, 45, 90, and 135°.
1Our measure of blood volume is largely equivalent to cerebral blood volume (CBV) 
as measured in fMRI for fixed hematocrit. Because CBV in MR studies often measures 
plasma volume (e.g. via a contrast agent) the two differ if the hematocrit changes.Frontiers in Neuroenergetics  www.frontiersin.org  June 2010  | Volume 2  | Article 6  |  3
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animal head post and overall structural framework (NOTE: most 
of the residual movements were due to the brain moving relative 
to the animal’s head, when the animal shifted body position, etc.). 
This ‘shift-correction’ consisted of aligning each image frame to 
the first frame of a given experimental session, using the imaged 
blood vessels as references. Each image frame was cross-correlated 
with the reference frame, and a gradient descent method used to 
maximize this correlation value as a function of lateral shifts in the 
image position, frame by frame. After shift correction, we computed 
stimulus-triggered average movies of the cortical response for both 
stimulus-driven and blank trials. To correct for any trial-related 
signals unrelated to visual stimulation, we divided the stimulus-
driven responses by the responses observed on ‘blank’ trials (Sirotin 
et al., 2009) and subtracted the average pre-stimulus image (1–5 
frames pre-stimulus). These shift-corrected and blank-corrected 
signals were then used in all subsequent analyses.
To correct the FAD fluorescence signals for distortions due to the 
stimulus-evoked blood volume changes we divided the observed 
fractional changes in fluorescence by the simultaneously measured 
blood volume signal scaled by an appropriate correction factor. 
The details of our correction method are described in detail in an 
upcoming paper from our lab. This corrected fluorescence signal 
was then compared with the imaged blood volume signal.
MeasurIng tIMecourses
To measure the timecourse of the fluorescence and reflectance 
point spread signals, we drew regions of interest around the peak 
of the activation and subtracted any signals well outside the acti-
vated area. This served to attenuate or remove common signal 
fluctuations arising due to pulse and breathing. For measuring 
the mapping signal [i.e. the signal fraction that is tuned to a given 
functional property, e.g. orientation (Frostig et al., 1990)], we com-
puted ROIs around orthogonal orientation domains. Fluorescence 
maps averaged between 1 and 2 s after grating onset were mean 
subtracted and normalized by their standard deviation. A pair of 
complementary ROIs marking orthogonal orientation columns 
was selected as all domains falling one standard deviation below 
zero and those domains falling one standard deviation above zero. 
We used the same ROIs, identified from the FFI signal images, to 
measure the mapping signal for both the fluorescence and reflect-
ance signals.
results
sIMultaneous IMagIng of flavoproteIn fluorescence and 
heModynaMIcs
By using FFI we visualized stimulus-evoked cortical responses 
in V1 of alert behaving macaque monkeys (two animals, ‘T’ and 
‘Y’). We then compared these FFI images with more conventional 
intrinsic-signal images of the same cortical responses as measured 
concurrently using the blood volume signal, that is, the cortical 
reflectance signal at a standard blood volume wavelength (see 
‘Methods’). Specifically, we compared the spatiotemporal proper-
ties of cortical point spread responses to a minimal visual stimulus, 
a 0.25° bar flashed briefly while the animal held its gaze steady in a 
periodic fixation task (Sirotin et al., 2009). The reflectance signals 
were used, moreover, to correct the FFI image for any distortions 
due to changes in local blood volume.
IMagIng chaMBers
Surgery, recording chambers, artificial dura: After the monkeys 
were trained on visual fixation tasks, craniotomies were performed 
over the animals’ V1 and glass-windowed stainless steel record-
ing chambers were implanted, under surgical anesthesia, using 
standard sterile procedures. The exposed dura was resected and 
replaced with a soft, clear silicone artificial dura. After the ani-
mals had recovered from the surgery, cortical activity from their 
V1 was optically imaged, routinely, while the animals engaged in 
relevant behavioral tasks. Recording chambers and artificial dura 
were fabricated in our lab using published methods (Shtoyerman 
et al., 2000).
IMagIng: optIcs
Images were acquired using a CCD camera (Dalsa 1M30, resolution 
256 × 256 pixels, 15 frames/s) through an Optical PCI Bus Digital 
Frame Grabber (Coreco Imaging, Boston, MA, USA). Imaging soft-
ware was developed in our lab based on a system by V. Kalatsky 
(Kalatsky and Stryker, 2003). The camera was coupled to a back-
to-back lens combination macroscope (two 55 mm Nikon lenses; 
1:1 magnification, numerical aperture = 0.4) and focused on the 
cortical surface.
IMagIng: IlluMInatIon wavelengths
The fluorescence of FAD was imaged simultaneously with changes 
in total tissue hemoglobin concentration (‘cerebral blood vol-
ume’: Sirotin et al., 2009) using a modification of the custom 
made dual-wavelength system previously used by us to simulta-
neously image cortical blood volume and oxygenation (Sirotin 
and Das, 2009; Sirotin et al., 2009). On alternate frames of the 
camera, the cortex was illuminated by either an excitation wave-
length for FAD (blue) or an isosbestic wavelength for hemoglobin 
(green: absorbed equally by oxy- and deoxyhemoglobin). This 
gave the effective sampling rate of 7.5 Hz. Our fluorescence filter 
configuration is similar to the configuration previously used for 
imaging V1 of anesthetized cats (Husson et al., 2007). The light 
was provided by appropriate high power LEDs (LEDENGIN, 
776 mW) passed through a 415–485 nm interference filter for blue 
(Chroma D455_70X) or 523–533 nm for green (Omega Optics 
528BP10). Light was collected off the cortical surface after pass-
ing through a long-pass interference filter (Chroma HQ520LP; 
cutoff = 520 nm). Thus, using a single filter, we simultaneously 
measured changes in cortical reflectance using green light and 
any emitted fluorescence from the blue light. The fluorescence 
excitation/emission filter pair was selected to have minimal cross-
talk with an OD = 6 (i.e. a 10−6 attenuation). The entire imaging 
assembly was covered by light proof baffles that blocked any stray 
illumination. To avoid photobleaching we turned off the blue 
LED for the duration of the inter-trial-interval. The LED was 
turned on one second prior to stimulus onset and kept on for 6 s 
to measure the evoked response.
overall sIgnal processIng
The following steps were carried out separately for the blood vol-
ume and the FAD fluorescence signals: All images were first ‘shift-
corrected’ to correct for any residual movement of the cortical 
surface that remained despite the specially designed camera mount, Frontiers in Neuroenergetics  www.frontiersin.org  June 2010  | Volume 2  | Article 6  |  4
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Even though the signal amplitude varied by more than an order 
of magnitude over its timecourse, the signal profile changed 
relatively little during this time. To quantify the spatial spread 
of the signals, we fitted the profiles measured on each trial with 
Gaussian functions of the form: ya b
R =+ e
22 − /σ , where R is the 
radial distance from the response center (see Figure 3A). The fit-
ted σ values were on average 2.3 mm during the initial 1.6 s and 
1.95 mm at 3–4 s post-stimulus onset. The difference between 
these values was not significant in any of the experiments in 
either animal. Thus, the blood volume signal remained largely 
invariant throughout its full duration.
We found that fluorescence signals were highly reproducible 
across trials and were readily observed on a trial-by-trial basis in 
our awake animals. Figure 1 shows the typical pattern of imaged 
fluorescence and blood volume responses.
spatIoteMporal propertIes of Blood voluMe sIgnals
The V1 point spread images obtained with the blood volume 
signal (Figures 1A,B) closely matched the images we had pub-
lished earlier using the same method (Sirotin et al., 2009). The 
signal was monophasic with a latency of ∼600 ms, rising to a 
peak in about 3.5 s, and then decaying back to baseline by 15 s. 
Figure 1 | Timecourse of fluorescence and reflectance (‘blood volume’) 
changes following visual stimulation. (A) Top: Fluorescence and reflectance 
changes over V1 following presentation of a 0.25° bar with a fixed scale (see 
scale bar on right). Bottom: Same as top, but scaled by the standard deviation of 
the images to compare signal shapes. (B) Early, middle, and late fluorescence 
and reflectance images enlarged to show detail. Inset in middle column shows 
uncorrected fluorescence signals at this timepoint. Note the presence of 
significant vascular artifacts in uncorrected image. (C) The computed timecourse 
of fluorescence (blue) and reflectance (green) signals measured about the 
center of the response in (A). Red bar denotes stimulus presentation period. 
Note rapid onset of positive fluorescence signals followed by reversal starting 
prior to stimulus offset. Error bars are standard error of the mean (SEM). Note: 
All fluorescence signals shown in this paper have been corrected for absorption 
by hemoglobin. Figure depicts an average of 40 trials.Frontiers in Neuroenergetics  www.frontiersin.org  June 2010  | Volume 2  | Article 6  |  5
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fluorescence σ = 1.42 (0.07), reflectance σ = 2.20 (0.15), p < 0.05; 
Monkey ‘Y’: fluorescence σ = 1.90 (0.17), reflectance σ = 2.37 (0.30), 
n.s. p = 0.37; Figure 4).
late negatIve fluorescence phase
We next examined the spatial spread of the late negative phase of 
the fluorescence signals (3.33–4.00 s) and compared them to the 
simultaneously measured changes in reflectance (Figure 3C). These 
late fluorescence decreases were significantly wider in spatial spread 
compared with early positive fluorescence changes (Monkey ‘T’: 
σ = 2.92 (0.12); Monkey ‘Y’: σ = 2.62 (0.13); Figure 4). Indeed, 
these late fluorescence signals were also significantly wider than 
the simultaneously measured changes in blood volume (Monkey 
‘T’: σ = 2.09 (0.05); Monkey ‘Y’: σ = 1.81 (0.05); Figure 4). We 
observed this dramatic difference (40–100%) between the early 
and late fluorescence signals even though we saw no significant 
changes in the spatial spread of the blood volume signal between 
these two timepoints in either monkey (Fig 4).
ffI MappIng sIgnals In alert anIMals
To determine whether FFI signals are useful for mapping in alert 
animals we performed orientation mapping in one animal with 
strong fluorescence responses (Figure 5; Monkey T). Figure 5A 
shows  the  timecourse  of  FFI  and  volumetric  mapping  signals 
obtained by comparing responses to two orthogonal gratings. FFI 
orientation maps peaked by about 1 s after stimulus onset and then 
progressively weakened. By comparison, volumetric maps devel-
oped more slowly, reaching a steady level by 2 s after stimulus 
onset. We found that the spatial location of columns identified by 
FFI and volumetric signals were comparable (Figure 5B), however, 
volumetric signals were more susceptible to vascular artifacts. To 
examine the temporal development of the maps, we quantified the 
mapping signal as the difference in activity between orthogonal 
orientation domains (Figure 5C). Both FFI and volumetric signals 
appeared to initiate immediately after stimulus onset, however, 
fluorescence increased at a much faster rate. Consistent with the 
timecourse of the overall FFI signal, the FFI mapping signal began 
to decay prior to the end of visual stimulation. However, despite 
a large undershoot in the overall signal, the FFI mapping signal 
did not reverse into a negative phase, but remained elevated at a 
modest level for the full measured duration of the response, even 
after the end of visual stimulation (Figures 5C,D).
dIscussIon
The ultimate goal of functional brain imaging should be not only 
to localize neural signals, but to provide a quantitative measure 
of the neural activity involved. From this standpoint, FFI imag-
ing provides an exciting candidate signal and offers a number of 
advantages over the commonly used imaging signals based on 
cerebral hemodynamics. The hemodynamic signal is known to 
be influenced strongly by neuromodulatory inputs, for example, 
from subcortical nuclei such as locus coeruleus or the basal fore-
brain (reviewed by Hamel, 2006). Thus, hemodynamics-based 
imaging signals likely consist of a complex combination of com-
ponents, with some that are driven by local neural activity and 
others reflecting distal neuromodulatory control. For example, 
we showed recently that the V1 hemodynamic signal recorded in 
spatIoteMporal propertIes of fluorescence sIgnals
The FFI signals were very different in their timecourse than the 
blood volume signal. These signals were biphasic with an early 
positive phase consisting of an increase in fluorescence and a 
delayed negative phase with decreased fluorescence (Figure 1C). 
Neither phase showed any apparent vascular artifacts (Figure 1B). 
As expected, fluorescence increases were faster than the simulta-
neously measured change in the blood volume signal (we defined 
the signal latency as the first significant inflection in the slope 
of the signal, post-stimulus onset (Sirotin et al., 2009); fluores-
cence: 267–400 ms; reflectance: 533–667 ms, Figure 2). However, 
fluorescence did not continue to increase throughout the stimu-
lation period. Despite continued stimulation, fluorescence began 
decreasing ∼1.5 s after stimulus onset and then reversed polarity 
(Figure 1). We noticed that the early and late phase fluorescence 
changes appeared to have distinct spatial properties. We therefore 
examined separately the early positive and late negative fluorescence 
point spreads and compared them to the simultaneously measured 
changes in reflectance.
early posItIve fluorescence phase
We first examined the spatial spread of the early fluorescence and 
reflectance signals averaged between 0.67 and 1.60 s after stimulus 
onset. Figure 3B shows the average spatial profile of the responses 
measured as a function of distance from the response center for 
monkey ‘T’. Consistent with prior work using anesthetized rodents 
(Weber et al., 2004), we found that the early fluorescence increases 
were spatially narrower than the simultaneously measured changes 
in reflectance suggesting that fluorescence increases may be tighter 
markers of neural activation than hemodynamics (Monkey ‘T’: 
Figure 2 | Fluorescence signals begin faster than simultaneously 
measured changes in reflectance. The slopes of fluorescence (blue) and 
reflectance (green) signals following stimulus onset. These slopes were 
calculated by taking trial-by-trial time derivatives of the dF/F and dR/R signals 
(Figure 1B) and averaging them for the two animals separately. Asterisks 
denote significant changes in slope relative to baseline (p < 0.05; rank sum 
test corrected for multiple comparisons). Left and right show results for 
Monkey T and Monkey Y respectively. Note fluorescence signals reach 
significance earlier in both animals. Error bars are SEM. Figure depicts an 
average of 40 trials for monkey ‘T’ and 16 trials for monkey ‘Y’.Frontiers in Neuroenergetics  www.frontiersin.org  June 2010  | Volume 2  | Article 6  |  6
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sensitive dyes; Grinvald et al., 1994; Chen et al., 2006). However, 
the vascular patterns observed in hemodynamics-based signals 
obscure the actual spatial profile of neural activity over cortex. 
Even though early hemodynamic signals are also free of large vas-
cular patterns (Sheth et al., 2004; Sirotin et al., 2009), at such early 
timepoints they are typically of smaller amplitude than the peak 
FFI signals which remain free of vascular artifacts throughout 
their timecourse. Further, as previously demonstrated in anes-
thetized cats (Husson et al., 2007), FFI may also be more useful 
for mapping. We found that, despite a smaller global signal, the 
FFI mapping signal appears comparable to that observed using 
hemodynamics. Thus, a larger fraction of the FFI signal is tuned 
for the functional properties of the underlying neural activity. 
Taken together, these observations suggest that FFI is likely a bet-
ter indicator of the exact spatial profile of neural activity than 
hemodynamics-based measures.
Despite  these  advantages,  measuring  fluorescence  signals  is 
more  technically  challenging  than  the  more  commonly  used 
reflectance signals and it was unclear whether FFI signals would 
be reliably measurable in alert animals. Thus, for FFI signals to be 
useful for neuroimaging, the relative benefits of using these signals 
alert monkeys performing a periodic visual task had a prominent 
component at trial period that was not predictable by concurrently 
recorded neural activity and was evident even in the absence of 
visual stimulation. By contrast, FFI signals are entirely local in 
origin and can be linked to specific cellular processes (Chance 
et al., 1979; Duchen, 1992; Shibuki et al., 2003; Reinert et al., 2004; 
Kosterin et al., 2005). Thus the FFI signal likely offers a reliable 
quantitative measure of local metabolic changes and hence local 
neural activity.
An additional advantage of FFI is that these signals are largely 
free of vascular artifacts (compare the fluorescence and reflect-
ance signals in Figure 1). This is because the FFI signal depends 
on a chromophore (FAD/FADH2) that is local to neural tissue 
(bound to mitochondrial membranes) as opposed to the one 
(hemoglobin) contained in passing blood vessels. Even though 
hemodynamics-based signals are large and clearly indicate the 
overall locus of neural activity, they are strongly biased toward 
large pial vessels. It is noteworthy that the space constants observed 
in the early fluorescence and reflectance images are comparable 
(Figure 4); this is because both signals likely reflect the net point 
spread of neural activity across cortex (as imaged using voltage 
Figure 3 | early and late fluorescence signals have distinct point spreads. 
(A) Schematic of radial profile analysis. From top to bottom: activation center 
determined from the early fluorescence image; binary mask used to exclude 
fluorescence and reflectance changes near around large blood vessels; radial 
map of distance away from response center. Crosshairs mark the response 
center. Pixels with at the same distance were averaged together to create the 
radial profiles in (B) and (C). (B) Computed radial profiles during the early portion 
of the response (black dots) and the best fitting Gaussian function (red). Dotted 
green line is the residual of the fit. Note somewhat wider spread of reflectance 
relative to fluorescence signals. (C) Same as (B), but for late fluorescence and 
reflectance. Note broader late fluorescence signals relative to reflectance. 
Figure depicts an average of 40 trials.Frontiers in Neuroenergetics  www.frontiersin.org  June 2010  | Volume 2  | Article 6  |  7
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Figure 5 | Fluorescence-based functional maps in alert monkeys peak 
earlier and have fewer vascular artifacts. (A) Development of the 
fluorescence and reflectance maps during response. Images show the 
difference in response to full-field drifting gratings of orthogonal orientations 
(0 vs. 90°). Red bar denotes stimulus presentation period. White and black 
column marker points show approximate centers of orientation domains. Note 
opposite sign of fluorescence and reflectance signals. Column markers on 
fluorescence and reflectance images are the same, but inverted in color for 
visibility. (B) Orientation maps obtained with fluorescence and reflectance 
signals show the same pattern of columnar activity for maps obtained with 
cardinal or oblique orientations. Note that the reflectance signals have been 
inverted for ease of comparison with the fluorescence signals. (C) The 
timecourse of fluorescence (blue) and reflectance (green) mapping signals 
measured as the difference in activity between orthogonal columns. Note earlier 
peak and similar amplitudes of fluorescence and reflectance mapping signals. 
The reflectance signal is flipped in sign for easier comparison with the 
fluorescence signal. (D) The timecourse of the global fluorescence and 
reflectance signals evoked by grating stimulation for comparison with (C). Note 
reversal of the net fluorescence signal is absent from the mapping signal in (C). 
Figure depicts average of 19 trials for each orientation.
Figure 4 | Quantification of the spatial spread of fluorescence and 
reflectance signals. Early (0.67–1.60 s, white bars) and late (3.33–4.00 s, black 
bars) response widths are plotted for fluorescence and reflectance signals. 
Asterisks denote significant differences between point spreads (rank sum test 
corrected for multiple comparisons). (A) and (B) show results from monkey T and 
monkey Y respectively. Error bars are SEM. Note no difference between 
reflectance point spreads early and late despite clear increases in the fluorescence 
point spread from early to late. N = 40 for monkey ‘T’ and N = 16 for monkey ‘Y’.Frontiers in Neuroenergetics  www.frontiersin.org  June 2010  | Volume 2  | Article 6  |  8
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together, these results suggest that the cortical FFI signal, rather than 
being an index of absolute cortical metabolism, is a difference signal 
reflecting the overall balance between tuned increases in FADH2 
utilization in the electron transport chain and its replenishing by a 
possibly untuned increase in TCA cycle activity (Turner et al., 2007). 
Still, it is possible that the early increase in FFI signal may still be a 
linear indicator of neural activity (Tohmi et al., 2006). To clarify this 
point, future studies must therefore carefully explore the relationship 
between neural activity and the full timecourse of the FFI signal.
relatIonshIp of early fluorescence sIgnals wIth 
heModynaMIcs
In agreement with previous studies in cortex (Weber et al., 2004; 
Husson et al., 2007), we observed that early fluorescence increases 
are faster and somewhat narrower spatially than the simultaneously 
imaged reflectance changes. At our isosbestic imaging wavelength 
(528 nm), the reflectance signal is insensitive to blood oxygenation 
and, for small signal changes, is roughly proportional to changes 
in the concentration of hemoglobin (Kohl et al., 2000; Sheth et al., 
2004; Prahl, 2008; Sirotin et al., 2009). We found that the spatial 
spread of FFI signals was 25–50% narrower that of the simultane-
ously measured hemodynamic response. This is comparable to the 
previously conducted comparison between laser speckle imaging 
signals and FFI in rodent barrel cortex (Weber et al., 2004). It is 
very likely that the difference between the FFI and hemodynamic 
signals at these early timepoints reflects a tighter coupling of the 
FFI signal with increases in cortical metabolism (driven primarily 
by local neural activity; Attwell and Laughlin, 2001; Attwell and 
Iadecola, 2002) than the coupling of the hemodynamic response to 
cortical metabolism. It is important to point out that, at these early 
timepoints (0.67–1.60 s), the hemodynamic signal is confined to 
small vessels (below our camera resolution of 36 μm; Figure 1) so 
the difference between the signals is unlikely to be due to vascular 
overspill into larger vessels (Sheth et al., 2004, 2005).
As previously observed in anesthetized cats, we found that func-
tional maps obtained using FFI peaked earlier and were relatively 
unaffected by vascular artifacts as compared to volumetric signals 
(Husson et al., 2007). The overall pattern of orientation columns 
was not different between FFI and hemodynamic signals. Further, 
the amplitude of the mapping signal was comparable between FFI 
and volumetric signals. Indeed, the relatively large amplitude of 
these signals is significantly better than mapping signal amplitudes 
observed at commonly used red imaging wavelengths (i.e. >605 nm; 
Husson et al., 2007), which are typically only half as large as the 
volumetric mapping signal (Vanzetta et al., 2004). Thus, FFI sig-
nals appear to be particularly useful for mapping fine-scale cortical 
architecture in alert behaving animals.
the wIde poInt spread of the late fluorescence sIgnals
To our knowledge, no study to date has examined the spatial pro-
file of the late cortical fluorescence signal in vivo. Surprisingly, we 
found that the spatial extent of late fluorescence decreases were 
significantly wider than both the early fluorescence increases and 
the simultaneously measured hemodynamic signals (Figure 4). In 
the cerebellum, Gao et al. (2006) have shown that lateral inhibi-
tion between adjacent cortical regions can lead to negative fluores-
cence signals in vivo. Unlike the cerebellum, visual cortex has both 
over   hemodynamics-based signals must outweigh the additional 
experimental complexity. This requires a detailed   understanding 
of  the  spatiotemporal  properties  of  cortical  FFI  signals  from 
alert animals.
feasIBIlIty of ffI IMagIng In alert anIMals
Here we have demonstrated that FFI point spreads and mapping 
signals can be routinely obtained from the primary visual cortex of 
monkeys performing simple visual tasks. Prior work showed that 
early FFI signals measured in cortex of anesthetized preparations 
appeared to be free of artifacts due to changes in cortical reflectance 
(Shibuki et al., 2003; Weber et al., 2004). However, these signals 
were quickly contaminated by the stimulus-evoked hemodynamic 
response. Because the hemodynamic response starts with laten-
cies as short as 600 ms (Weber et al., 2004; Sirotin et al., 2009), it 
begins to contaminate the fluorescence signal even within the first 
second of the response. Additionally, we have previously found 
that reflectance signals in V1 of alert primates are modulated sig-
nificantly by large trial-related hemodynamic signals unrelated to 
visual stimulation (Sirotin and Das, 2009). Such trial-related hemo-
dynamic activity in alert animals contaminates all portions of the 
fluorescence response. To remove this confound, we corrected the 
raw FFI signals for changes in reflectance. Though, classical investi-
gations measuring fluorescence in vivo have corrected their signals 
for simultaneously measured changes in reflectance (Rosenthal and 
Jobsis, 1971; O’Connor et al., 1972; Harbig et al., 1976; Kramer 
and Pearlstein, 1979), no such correction was performed in any of 
the imaging studies to date. Our corrected FFI signals were free of 
vascular artifacts for the full duration of the imaged response (e.g. 
compare our Figure 1 with Figure 5 in Shibuki et al., 2003) and we 
could therefore examine both the early and later phases of the FFI 
signal. We believe that such correction will be of general benefit for 
all future studies measuring cortical fluorescence responses.
the BIphasIc fluorescence sIgnal
The  in  vitro  FFI  response  to  stimulation  is  typically  biphasic, 
with an early increase (oxidation phase) followed by a prolonged 
decrease (reduction phase) (Duchen, 1992; Kosterin et al., 2005). 
The onset of the reduction phase may start prior to the cessation 
of stimulation and different mechanisms have been proposed for 
the two phases of this metabolic response. The oxidation phase is 
due to fast Ca2+ and ADP evoked increases in the rate of FADH2 
utilization in the electron transport chain. The reduction phase 
is thought to be due to a somewhat more delayed increase in tri-
carboxylic acid (TCA) cycle activity that replenishes FADH2 at a 
faster rate than it can be utilized by the electron transport chain 
(Turner et al., 2007).
We found that cortical FFI signals corrected for simultaneous 
changes in reflectance were largely consistent with the in vitro results 
(Duchen, 1992; Kosterin et al., 2005) and with in vivo signals meas-
ured in the cerebellum (Reinert et al., 2004, 2007; Gao et al., 2006) 
which are largely uncontaminated by changes in reflectance. FFI 
signals were biphasic (Figures 1C and 5D), with a spatially narrow 
fluorescence increase, declining prior to the end of stimulation, and 
followed by a fluorescence decrease. Interestingly, we found that 
even as the net fluorescence signal reversed polarity, the functionally 
tuned FFI mapping signal remained positive (Figures 5C,D). Taken Frontiers in Neuroenergetics  www.frontiersin.org  June 2010  | Volume 2  | Article 6  |  9
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  excitatory and inhibitory lateral connections. Thus, it is possible 
that the exact spatiotemporal dynamics of FFI signals are shaped 
by the properties of lateral connectivity in cortex.
future dIrectIons In developIng the ffI sIgnal as an IMagIng 
tool In alert anIMals
Two issues must be addressed to further develop FFI as an imaging 
tool in alert animals. First, in order for FFI to be advantageous over 
the more easily measured hemodynamic signals, its spatiotemporal 
properties must be more readily interpretable in terms of neural 
activity. Future work must therefore investigate how the spatial 
spreads of the early and late FFI signals compare to the underly-
ing spread of neural activity and whether FFI signals are indeed 
better measures of local neural activation than hemodynamics. Of 
special importance is whether FFI signals are temporally linear. The 
two phases of the FFI signal are likely driven by different underly-
ing processes with different temporal properties (Duchen, 1992; 
Brennan et al., 2007). The FFI responses to extended stimulation 
may, therefore, not be linearly related to their responses to brief 
stimuli. Hence, a better understanding of the relationship between 
neural activity and the two phases of the fluorescence response 
would be fundamental for correctly interpreting FFI.
Second, though we were able to routinely image FFI signals, 
we did observe significant bleaching of fluorescence across our 
experimental session (Shibuki et al., 2003; Weber et al., 2004). Frontiers in Neuroenergetics  www.frontiersin.org  June 2010  | Volume 2  | Article 6  |  10
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